Here we examine the abundance and composition of the soil seed bank along a chronosequence of 10 stands ranging from 20 yr old to > 500 yr in sites bordered mostly by mature and old secondary forest on the Barro Colorado Nature Monument (BCNM) in Panama. We predicted that the abundance and composition of seeds in the soil would be strongly affected by stand age. Specifically we expected to find three characteristics. 
Material and Methods

Study area
The study was carried out at the Barro Colorado Nature Monument (BCNM), in Central Panama (9? 10' N, 79? 51' W). The monument comprises a 1500 ha island -Barro Colorado Island (BCI) -and surrounding mainland peninsulas that were formed in 1914 when the Chagres river was dammed to create Gatun lake. BCI has been under constant protection since it was declared a nature reserve in 1923. About half of the island is young forest, mostly a hundred or more years old, and still recovering from old agricultural clearings. The rest of the island is covered with older forest little disturbed in the last 400 yr, except for some selective logging in the last century, and wind damage since the creation of Lake Gatun (Foster & Brokaw 1982; Pipemo 1992). Mainland peninsulas adjacent to Barro Colorado Island were added to the Barro Colorado Nature Monument in 1977. These sites have been disturbed more recently, in some cases up to 20 yr ago (see section below 'stand selection').
The forest at BCNM is semi-deciduous, although only a small fraction of the tree species lose their leaves for more than a few days. Rainfall at the laboratory clearing on BCI averages 2700 mm/yr, with a pronounced dry season from January through April (Windsor 1990). 
Stand selection
Sites were selected to replicate stand ages across a long chronosequence. Histories of forest clearance, land use, and subsequent regrowth of fallow vegetation were confirmed by examination of aerial photographs (1926, 1955, 1966, 1973, 1979, 1983) (Fig. 1) . Although the precise time of abandonment could not be determined, we are confident of the rank order of these approximate ages.
All stands except one, PED (see Fig. 1 were included with each set of soil samples as controls for contamination. Although seedling emergence was recorded over only a six-week period we are confident that we were able to census the great majority of germinable seeds. An earlier experiment conducted at this site has shown that the rate of seedling emergence is very sensitive to the depth at which soil is spread in the greenhouse; for soil spread to a depth of 0.5 cm, > 90 % of the seedlings recorded after 18 weeks emerged during the first six weeks in the growing house (Dalling et al. 1995).
Seedling trays were arranged in a randomized design on benches and covered with a clear plastic roof within two screened growing houses in the laboratory clearing on BCI. Light levels (PAR) ranged from 15 % to 25 % full sun. Trays were hand-watered daily and seedling emergence from soil flats was recorded at weekly intervals. Seedlings that could not be identified after six weeks were individually potted and grown up until determination was possible (usually to species). Seedlings of two abundant and species-rich genera, Cecropia and Piper, were too numerous to handle this way; only a subsample of individuals were further identified to species during the second sampling period.
Comparisons of the seed bank with the composition of the tree overstory are based on the census of all trees > 5 cm DBH recorded from the transect. Tree species were considered to be 'seed-bank forming' if more than one seed was recorded germinating from any of the soil samples collected. Taxa were assigned to growth form categories (trees and shrubs, herbs, and lianas) according to species descriptions in Croat (1978).
Data analysis
Seedling emergence counts from each soil sample were log (count + 1) transformed and analysed in a nested, repeated measures analysis of variance (ANOVA), using the general linear model function in SYSTAT (Wilkinson et al. 1992). To examine differences in seedling densities between 'young' and 'old' forest sites, we contrasted the four sites < 70 yr old with the remaining six older sites. We consider 70 yr as a breakpoint between young and old sites because fast-growing pioneers reach their maximum recorded DBH on BCI in 40 -60 yr (Condit et al. 1993). After 70 yr of regrowth we assume that some of the initial regrowth will be dying back, and that some later recruits will be reaching reproductive maturity. Results of the analysis including and excluding the ZET site (sampled a year later in 1996) are very similar, and ZET is included in the results reported here. Fisher's a log series diversity index was used for calculations of seed bank diversity because it is relatively insensitive to sample size, and to the abundance of the commonest species (Magurran 1988).
Comparison of the species composition of the seed bank with the tree community at each site was made using S6rensen's similarity index for presenceabsence data: Cs = 2 j(a+b), in which j is the number of species common to seed bank and tree community, a is number of species in the seed bank, and b is number of species in the tree community. Stands were ordinated using Nonmetric Multidimensional Scaling (PROC MDS, Anon. 1997). NMS is an iterative technique based on ranked distances of n entities on k axes which seeks to minimize the stress of the k-dimensional configuration (e.g. Prentice 1977). The distance matrix was based on S6rensen's similarity index: 1 -Cs; seeds of 23 species were involved. Taxa containing several indistinguishable species, as well as taxa occurring in only one stand were deleted from the data set for the purposes of the ordination. Only seeds of tree species were included (App. 1).
The relationship between soil seed bank density and the abundance of seed bank forming tree species in the stand was examined using Pearson correlation. The arcsine-transformed proportion of the number of trees in the stand that form soil seed banks was regressed against log-transformed stand age. Similarly, seed abundances for individual species were regressed against log stand age using arcsine transformed values of the proportion of total seeds belonging to each species at each site. In all cases normal errors model linear regression was performed using the GLIM statistical package (GLIM 3.77, Anon. 1985; Crawley 1993). Weighting of sites by either the total number of trees or total number of seeds did not affect the outcome of these analyses.
Results
Abundance of buried seeds Table 1 . Age, stem density, basal area, and affinities between the tree community (> 5 cm DBH) and the soil seed bank (SSB) community using Sirensens qualitative similarity index (Cs). See legend to Fig. 1 for full diversity were all independent of forest age (Fig. 2b-d) .
The seed bank consisted almost entirely of seeds of trees and shrubs. Across sites, lianas and herbs accounted for 36 % of the taxa that could be assigned a growth form, but they accounted for only 2.2 % (S.E. = 0.3) and 3.9 % (S.E = 2.3) of the total seed abundance respectively (App. 1). Only Pearson site had an unusually high proportion of herbaceous seeds (25 %), but this was entirely due to a large number of Begonia filipes germinants from a single sample. Contrary to expectation, and even excluding B. filipes, the four youngest forest sites had fewer herbaceous seeds than the six older sites (Z2 = 10.9, df = l,p < 0.001), though the younger sites did have more liana seeds (Z2 = 34.2, df= l, p < 0.001).
Emergent seedlings were classified into 72 taxa and unknowns. Unidentified seedlings contributed only a small proportion (< 10 %) of all emergent seedlings (App. 1). Seedling densities differed significantly among sites, varying from 800 seeds/m2 at PEA (for site abbreviations, see Fig. 1 ), up to 3100 seeds/m2 at FOS ( Fig. 2a;  Tables 1, 2) . Seed densities also declined significantly between the first and second census (mean for all sites = 1860 seeds/m2 vs. 1440 seeds/m2), independent of site, although censuses were only six weeks apart ( Table 2 ). The regression of seed density with forest age was not significant (Fig. 2a) , though the four youngest forest sites (FOS, END, PED, SAI) had significantly higher seed densities than the remaining older forest sites (F = 13.1, df = 1,228, p < 0.001). The coefficient of variation of seed density, species richness, and Fisher's ax (log series)
Affinities with the standing vegetation and among sites
The abundance of seed-bank-forming tree species in the stand was not related to stand age (df = 1,8, F= 2.3, n.s), but was a good predictor of the soil seed bank density beneath that stand (r = 0.75, n = 10, p < 0.05). However, few of the tree species in the stand were represented in the soil seed bank, and the similarity between the tree composition and seed bank composition was not related to stand age (Table 3) . Although seed bank forming species constituted a higher proportion of trees in the four younger forest sites than in the six older sites, the seed bank composition was not more similar among young sites (Cs = 0.15) than among older sites (Cs = 0.16; t-test: t = 0.68, df = 7,p = 0.51). Ordination results (Fig. 3) 
Individual species abundance and distribution patterns
The single most common species in the soil seed bank of BCNM is the melastome tree Miconia argentea Individual species differed markedly in their seed abundances across sites (Fig. 4) Clearly, the species composition of the soil seed bank is not greatly different in young and old growth forests on BCNM, and it appears that seed banks have either recovered more rapidly, or have been less affected by disturbance than has been reported elsewhere. Although we could not sample comparable sites < 20 yr old at BCNM, and we lack detailed information on the land-use practices carried out prior to abandonment, we can suggest some explanations for the differences in the seed banks of young secondary forests on BCNM at other sites.
The dominance of herbaceous species described in other studies and, in particular, by forbs and grasses with prolific seed production, suggests that the pre- In contrast, at BCNM the unusual situation prevails in which young successional stands remained isolated from large cultivated areas either by Lake Gatun or by remaining blocks of primary forest. Under these conditions allochthonous seed rain into abandoned cultivations would more likely have been composed of primary and secondary forest species, including species that do not form a soil seed bank. The relatively intact bird and mammalian frugivore community at BCNM may also have assisted movement of primary forest species into young regrowth, and surrounding patches of mature forest may have acted as seed sources from which seeds were spread into adjacent regrowth.
As deforestation has continued in and around the Panama Canal watershed, and with it the spread of the exotic grasses we doubt whether newly abandoned cultivations surrounding BCNM would have developed in the same way as those reported here. Indeed 
